not higher than 50°C [19] . The chlorination temperature is also an important parameter of the Cl-Al 2 O 3 synthesis because bulk anhydrous AlCl 3 produced by chlorination sublimates at 180°C [20] and volatilizes from the reaction system as Al 2 Cl 6 .
Another possible factor that could affect the chlorine content as well as the textural, morphological and acidic properties of Cl-Al 2 O 3 , is the crystal modification of Al 2 O 3 . The physicochemical and catalytic properties of Cl-Al 2 O 3 based on γ- [5, [7] [8] [9] [10] [11] and η-Al 2 O 3 modifications [21, 22, 23] have been studied in detail. It was shown that the high catalytic activity of Cl/η-Al 2 O 3 in the lowtemperature isomerization of butane [22] is related to the acidic properties of the η-Al 2 O 3 surface, which determine the interaction mechanism of Al 2 O 3 surface groups with Cl-containing compounds [9, 12, 23] and the localization of chloride ions [22] . It is known that the acidic properties of Al 2 O 3 , in particular, the density of OH groups and their arrangement, are determined by features of the Al 2 O 3 crystal structure [24, 25] . Since information on chlorination of alumina crystallized in the χ-phase is absent in the literature, here we will discuss the main properties of chlorination of the χ-Al 2 O 3 surface with carbon tetrachloride at temperatures from 200 to 500°C and also the effect of chlorination temperature on the textural, morphological and acidic properties of chlorinated alumina. Information about the effect of temperature on the chlorine content in Cl/χ-Al 2 O 3 will be useful also for choosing the conditions that will exclude the deactivation of isomerization [22, 27] and conditions for reforming [26, 27] catalysts due to dechlorination, because the optimal chlorine concentration in the catalyst is maintained by the introduction of chlororganic compounds, usually CCl 4 and C 2 H 4 Cl 2 , in the reaction mixture [27] .
Experimental

Catalyst synthesis
χ-Al 2 O 3 was synthesized by calcination of gibbsite (Pikalevo Alumina Plant Ltd., Pikalevo, Russia) under steady-state conditions at 600°C for 4 hours. Specific surface area and total volume of pores smaller than 300 nm were equal to 166 m 2 /g and 0.26 cm 3 /g, respectively, and the average pore diameter was 6.2 nm.
Alumina was chlorinated under flow conditions. To this end, the Al 2 O 3 sample with a volume of 1.5 cm 3 (a weight of 1 g) was loaded in a quartz reactor with the inner diameter 1.2 cm, and dehydrated in flowing nitrogen (1.8 L/h) at the chlorination temperature for 2 hours. After that, the nitrogen flow was passed through the Al 2 O 3 layer for 2 hours, and carbon tetrachloride (chemically pure, Khimreactiv Ltd.) was fed into the flow at a rate of 15 cm 3 /h using an infusion syringe pump. The total rate of the gas flow was 5.15 L/h, and the СCl 4 concentration in the flow, 0.03 mol/L. The chlorination temperature was varied between experiments from 200 to 500°C. After 2 hours, CCl 4 delivery into the nitrogen flow was stopped, the catalyst was held in the flow at a specified temperature for 1 hour, and the sample was cooled to room temperature in flowing nitrogen. Herein the samples are designated as Cl/ Al 2 O 3 -T, where T is the chlorination temperature.
To investigate the adsorption kinetics of chloride ions on χ-Al 2 O 3 at 200, 300, 350 and 500°C, the chlorination time was varied from 15 minutes to 3 hours. Other conditions of the chlorination were as follows: СCl 4 flow rate 15 cm 3 /h, nitrogen flow rate 1.8 L/h, and catalyst weight 1 g.
To obtain the adsorption isotherms of chloride ions on χ-Al 2 O 3 at 200 and 300°C, the СCl 4 feed rate was varied from 2.5 to 20 cm 3 /h. The nitrogen flow rate was 1.8 L/h. The phase and chemical composition of chlorinated alumina samples as well as their textural characteristics are listed in Table 1 .
Physicochemical methods
The chemical composition of Cl/Al 2 O 3 -T was examined by X-ray fluorescence analysis on an ARL analyzer with the Rh anode of an X-ray tube. The Al content in the solution through which the spent gas mixture was passed (at the reactor outlet) was measured by inductively coupled plasma atomic adsorption spectrometry (ICP-AAS) on an Optima 4300DV (Perkin Elmer, USA) spectrometer. The content of chloride ions and the pH of the indicated solution were analyzed potentiometrically using an ECOM-Cl ion-selective electrode and an HI1131 glass pH-electrode, respectively. The measurements were carried out on an ANION-4100 (Infraspak-Analit, Russia) ionometer and a pH-211 (Hanna Instrument, Germany) laboratory pH meter.
Textural characteristics of the samples -specific surface area (A BET ) and pore volume (V pore ) -were estimated by the low-temperature adsorption of nitrogen. Nitrogen adsorption-desorption isotherms were measured on an ASAP-2400 (Micromeritics, USA) automatic volumetric setup.
The phase composition of the samples was identified by X-ray diffraction (XRD). The powder diffraction patterns were recorded on a HZG-4С (Freiberger Prazisionmechanik, Germany) diffractometer in the 2q angular range from 10 to 70° using a monochromatic Cu K a source (l = 1.54418 Å). Phase identification was made with the use of a crystallographic database X-ray Powder Diffraction File JCPDS-ICDD (Win. Ver. 1.30, JCPDS ICDD, Swarthmore, PA, USA, 1997).
The morphology of the samples was examined by high resolution transmission electron microscopy (HRTEM). Microimages of the samples were taken on a JEM-2010 (JEOL, Japan) electron microscope with a resolution of 0.14 nm at an accelerating voltage of 200 kV. Prior to the HRTEM study, the samples were dispersed by ultrasonic treatment and supported on a perforated carbon substrates that were deposited on copper grids.
The chemical composition of the sample surface was studied by X-ray photoelectron spectroscopy (XPS). The spectra were measured on a SPECS (SPECS Surface Nano Analysis GmbH, Germany) photoelectron spectrometer using a non-monochromatic Al K a source (hn = 1486.6 eV, 150 W). The binding energy (E b ) scale was preliminarily calibrated with respect to the peaks of Au 4f 7/2 (84.0 eV) and Cu 2p 3/2 (932.67 eV) core levels. The samples were deposited on a double-sided conducting scotch tape. The charging effect caused by electron photoemission was accounted for using the internal standard represented by the Si 2p line of silicon (103.3 eV) entering the composition of gibbsite and Al 2 O 3 as an admixture. The relative content of elements on the surface of catalysts and the ratio of atomic concentrations were estimated from the integral intensities of photoelectron lines corrected for the corresponding atomic sensitivity factors: Al 2p -0.537, Al 2s -0.753, Cl 2p -2.29, C 1s -1.0, and O1s -2.93 [28] .
Stability of the samples was studied by differential thermal and thermogravimetric analysis (DTA-TG) on a NETZSCH STA 449 (Тetzsch-Geratebau GmbH, Germany) instrument. A 30 mg powdered sample was placed in a crucible and heated from 20 to 600°С at a rate of 10 K/min in air (50 cm 3 /min) or helium (100 cm 3 /min). The surface acidity was investigated using the temperature-programmed desorption of ammonia (NH 3 -TPD). The NH 3 -TPD experiments were carried out in a flow setup equipped with a thermal conductivity detector. A 100 mg sample with the fractional composition 0.25-0.50 mm was mixed with 100 mg quartz having a similar grain size. The sample was held in flowing argon (30 cm 3 /min) at a chlorination temperature (200, 250, 300, 400 or 500°С) for 2 hours to remove the adsorbed water. After that, the sample was cooled to 75°C, and ammonia was adsorbed upon purging the sample with a mixture of ammonia (0.35 vol.%) in argon for 0.5 h. The sample was then purged with argon (30 cm 3 /min) to remove ammonia from the catalyst pores as well as physically adsorbed ammonia and cooled to room temperature. The NН 3 -TPD curve was recorded by passing argon through the sample at a rate of 30 cm 3 /min and heating it from 25 to 700°С at a rate of 10°C/min. Calibration of TCD signal with respect to the amount of released ammonia was performed by recording the known NH 3 dose under similar conditions. In order to obtain quantitative data, the output from the thermal conductivity detector was connected to a gas analyzer Test-1 with an electrochemical sensor NH 3 -3e5000se, through which the ammonia concentration was registered over time. The total amount of desorbed ammonia was calculated as the area of the concentration profile. The [12] ; however, as distinct from our data, Kytokivi with co-authors [12] observed a decrease in the content of Cl ions with increasing the chlorination temperature from 100 to 600°C. Note that upon chlorination under similar conditions (300°C in a CCl 4 flow), the density of chloride ions on the χ-Al 2 O 3 surface was 1.5-2 times lower than the values reported for γ-Al 2 O 3 in [7, 9, 15] .
An increase in the chlorination temperature above 500°C would be unreasonable because substantial formation of AlCl 3 is observed at 500°C, which leads to a loss of the chlorinated alumina sample; at 500°C the yield of Cl/Al 2 O 3 -500 does not exceed 15 ± 1 wt.%. The produced aluminum chloride is removed from the reaction zone as Al 2 Cl 6 due to its high volatility [20] and condenses in the low-temperature zone of the reactor. The formation of aluminum chloride at 500°C was confirmed by X-ray diffraction analysis, according to which a yellow sediment condensed in the low-temperature zone of the reactor contained crystallized AlCl 3 (JCPDS-ICDD 1-1133). However, the chemical composition of the sediment Fig. 1 . The content of chloride ions in chlorinated alumina samples (1), the total removal of aluminum (2) , changes in pH (3) and Cl concentration in solution (4) through which the spent gas mixture was passed during the synthesis of Cl/χ-Al 2 O 3 in a CCl 4 flow at different temperatures. The flow rate of CCl 4 and nitrogen is 15 cm differed from AlCl 3 . According to X-ray fluorescence analysis, the sediment contained 23.2 ± 0.1 wt.% Al and 19.5 ± 0.6 wt.% Cl; this corresponds to the molar ratio Cl/ Al = 0.64, which differs from the ratio in AlCl 3 . Since the pressure of aluminum chloride vapor attains the values close to 1 atm at 180°C [20] , it can be expected that the formation of bulk AlCl 3 from χ-Al 2 O 3 proceeds to a large extent at a chlorination temperature close to 500°C (Fig.1 , curve 2). We do not exclude the formation of AlCl 3 in the temperature range of 350-400°C; however, the produced AlCl 3 particles are not capable of sublimation and hence removal from the reaction zone, probably due to their nanometer size and dispersion over the surface of Al 2 O 3 crystallites. For γ-Al 2 O 3 , a substantial loss of aluminum as AlCl 3 was observed at 350°C and higher temperatures [9] .
So, at 200-400°C, carbon tetrachloride and its decomposition products interact with the surface groups of χ-Al 2 O 3 , thus stabilizing chloride ions as the surface Cl-containing sites (reactions 1-6) in a manner that was also proposed for γ-Al 2 O 3 [29] . The formation of HCl, COCl 2 , CO 2 and H 2 O was observed in [29] upon chlorination of γ-Al 2 O 3 with carbon tetrachloride at 200°C.
Note that γ-Al 2 O 3 [7, 9] and χ-Al 2 O 3 have the comparable specific surface areas (183-195 m 2 /g [7, 9] and 165 m 2 /g, respectively), whereas their surface acidic properties differ significantly. Thus, according to [25] , the number of terminal Al-OH groups is somewhat greater on the χ-Al 2 O 3 surface, and the content of bridging Al-O-Al groups on γ-Al 2 O 3 is approximately two times higher than in χ-Al 2 O 3 . The concentration of Lewis acid sites, on the other hand, is two times higher in χ-Al 2 O 3 as compared to γ-Al 2 O 3 [25] . However, the available information on the surface acidic properties of the indicated alumina modifications cannot explain the higher density of chloride ions on the surface of chlorinated γ-Al 2 O 3 in comparison with χ-Al 2 O 3 , because it is assumed [5, 8] [25] ), which give the absorption bands at 3795 and 3775 cm -1 in the IR spectrum of adsorbed СО [24, 25] . This suggests that the reactions between decomposition products of CCl 4 and Lewis acid sites of χ-Al 2 O 3 (reactions 4 and 6) strongly contribute to chlorination of the surface. Their contribution may be quite pronounced already at 200°C and increases with the chlorination temperature.
Bulk AlCl 3 is formed at 500°C. Therefore, the chemistry of the process is described by one or several consecutive reactions between alumina crystallites and carbon tetrachloride (reaction 7), thermal decomposition products of CCl 4 (9) Note that the amount of chloride ions (1.38-3.58 wt.%) sorbed by χ-Al 2 O 3 corresponds to insignificant conversion of carbon tetrachloride not exceeding 1%. Figure 1 illustrates changes in pH (curve 3) and content of chloride ions (curve 4) in the aqueous solution through which the gas mixture containing unreacted carbon tetrachloride and its transformation products after the interaction with χ-Al 2 O 3 was passed. The pH value of the indicated aqueous solution changed by 2. The chlorine-containing interaction products of CCl 4 and Al 2 O 3 are COCl 2 and HCl (reaction 1), and AlCl 3 (reactions 7-9), which are produced at 200-350 and 350-500°C, respectively. As was noted above, AlCl 3 condensed as crystals at the reactor outlet and the yield reached 2.1 g AlCl 3 /g Al 2 O 3 at 500°C. The maximum concentration of aluminum in the solution, which was found by ICP-AAS after the reaction at 500°C, was equal to 22 mg/L, which did not exceed 0.1 wt.% of the aluminum loaded into reactor for chlorination. Hence, the hydrolysis of the produced AlCl 3 also cannot be responsible for changes in pH. Other Cl-containing products of the reaction, such as COCl 2 and HCl, hydrolyze (COCl 2 + H 2 O → CO 2 + 2HCl [31] ) and/or dissociate in water. The product of` thermal decomposition of carbon tetrachloride is Cl 2 , but the reaction proceeds at 450-600°C [30] . Molecular chlorine dissolves in water (0.96 g/100 g Н 2 О) to yield HCl and HClO; however, at pH below 2, Cl 2 remains the main species [31] . Thus, only the presence of COCl 2 and HCl in the gas mixture after chlorination of χ-Al 2 O 3 could produce changes in pH of the water through which this gas mixture was passed. Changes in pH were used to estimate the amount of Cl -ions that did not have time to react with χ-Al 2 O 3 under the chosen conditions and were accumulated in the water trap. This value correlates well with the concentration of chloride ions in water (Fig.1 , curve 4), which was measured using an ion-selective electrode. The fraction of unreacted Cl -ions constitutes no more than 2-5% of the entire chlorine passed through the χ-Al 2 O 3 layer in the composition of CCl 4 for 2 hours. Thus, the chlorination conditions were optimized, in particular, the feed rate of CCl 4 and inert gas to the reaction zone, and the chlorination time. The kinetic data for chlorination of χ-Al 2 O 3 with carbon tetrachloride were analyzed within the pseudofirst and pseudo-second order models. Parameters of the kinetic models are summarized in Table 2 . It was shown , ca. 900 µmol/g [25] versus 1008 µmol Cl /g in Cl/Al 2 O 3 -400).
The chlorination kinetics of χ-Al 2 O 3 by carbon tetrachloride
Time-related changes in the chlorine content in Cl/ Al 2 O 3 -Т samples, which were observed in our study (Fig.  2) , and their comparison with the total content of terminal Al-OH and LAS, which are present on the χ-Al 2 O 3 surface, lead to some assumptions. First, the initial interaction with CCl 4 involves terminal Al-OH groups of χ-Al 2 O 3 (reaction 1). Later, weak LAS enter the reaction with CCl 4 (reaction 2); their interaction at 200°C is much slower than the interaction with terminal Al-OH groups. Second, the rate of the reaction between CCl 4 and weak LAS sharply increases when the temperature is raised. The increase in the chlorination rate of χ-Al 2 O 3 can be attributed to participation of the reaction products, COCl 2 and HCl, in the chlorination process; both compounds are more reactive [29] than carbon tetrachloride. However, it cannot be ruled out that the higher concentration of chlorine in comparison with the concentration of terminal Al-OH groups in Cl/Al 2 O 3 -Т samples synthesized at 300°C and higher temperatures is caused by the involvement of AlCl 3 vapor in the chlorination of Al 2 O 3 (reaction 10). In this case, sites in which two Cl ions are bonded with one Al atom can be formed. Some authors think that the Al sites with two Cl ions are catalytically active in hydroisomerization of C 6 alkanes [16] and carboxylation of aromatic compounds [32] . And third, the monolayer adsorption of chloride ions is followed by the formation of bulk aluminum chloride. The AlCl 3 vapor produced, as was proposed in [33] , also possesses a high chlorinating ability due to formation of the CCl 3 To describe the chlorination process, the effect of carbon tetrachloride concentration in the gas mixture on the amount of chloride ions sorbed by χ-Al 2 O 3 at 200 and 300°C was studied. Experimental data displayed in Figure  3 show that at both the 200 and 300°C temperatures the content of chloride ions increases with the partial pressure of CCl 4 and reaches the maximum values at 0.45 atm -1 . Linear fitting of experimental data to the coordinates of adsorption models developed by Langmuir [34] , Freundlich [35] , Temkin [36] , and Dubinin-Radushkevich [37] is illustrated in Figure 4 . The calculated parameters of the models are summarized in Table 3 . One can see that the experimental data from chlorination of χ-Al 2 O 3 with carbon tetrachloride at 200°C are well described by both the Langmuir model and the Freundlich, Temkin and ) constants, respectively; n -sorption intensity; e -the Polanyi potential, J/mol, which is equal to ɛ = RT ln(1+1/P); B t -Temkin isotherm constant; ΔG о -the change of standard Gibbs energy, kJ/mol; and E -the mean free energy According to the Dubinin-Radushkevich model, the adsorption process is associated with chemisorption when the mean free energy (E) ranges from 8 to 16 kJ/mol, and with physisorption when the E value is below 8 kJ/mol. In our case, E was equal to 11 and 13 kJ/mol at 200 and 300°C, respectively; hence, the chlorination of χ-Al 2 O 3 with carbon tetrachloride can be considered as chemisorption.
Thus, the majority of the parameters of the sorption model indicate that the sorption of chloride ions on the χ-Al 2 O 3 surface upon interaction with carbon tetrachloride 
The effect of chlorination temperature on the morphology and textural characteristics of Cl-Al 2 O 3 samples
The XRD study of chlorinated alumina samples (Table 1) revealed that the samples synthesized at temperatures of 400°C and lower actually contain only the crystallized χ-Al 2 O 3 ; the signs indicating the presence of crystalline AlCl 3 are absent even if the diffraction patterns are recorded with a large accumulation time. According to XPS data, the binding energies in the Cl2p spectra measured for Cl/χ-Al 2 O 3 -Т samples with the chlorination temperature of 200 -400°C were equal to 199.3±0.05 eV, which is typical of metal chlorides [39] . This suggests that chloride ions reside mostly on the alumina surface.
The sample synthesized at a chlorination temperature of 500°C contains trace amounts of AlCl 3 , which are seen on the diffraction pattern of the Cl/Al 2 O 3 -500 sample as a broad maximum in the 2q angular region of 31.9. Its binding energy in the Cl2p spectrum was also equal to 199.3±0.05 eV. XRD data on the phase composition of the catalyst are supported by TEM and XPS. TEM data are consistent with the low-temperature nitrogen adsorption isotherms and indicate that the particle morphology ( Figure 5 ) and textural characteristics ( (Fig.  5a) . Faceting along the main crystallographic directions is not pronounced. Cavities, pores and the faceted structure of the particles are clearly seen on TEM images at a ´250000 magnification. The pore size is ca. 2-5 nm (Fig.  5b) . The subsurface layer with the thickness not greater than 5 nm has an amorphous structure. A comparison of XPS and X-ray fluorescence analysis data for Cl/χ-Al 2 O 3 -Т samples with the chlorination temperature of 200-300°C also testifies to the surface enrichment with chloride ions, which is indicated by a high Cl/Al surface ratio (Table 4) relative to the volumetric ratio ( Table 1) .
The Cl/χ-Al 2 O 3 sample synthesized at 500°C essentially differs from the samples obtained by chlorination at lower temperatures. First, it does not contain large particles of the micron size, and has predominant particles with a preferential orientation along one (needles) or two (platelets) directions (Fig. 5c) . The needles have a thickness of 30-50 nm and a length up to 250-300 nm. The platelet particle size ranges from 100 to 300 nm. Second, the surface of the Cl/χ-Al 2 O 3 -500 particles has numerous pores and cavities. In addition, the Cl/χ-Al 2 O 3 -500 sample contains particles with large through pores of 10 -30 nm (Fig. 5d) . The surface (according to XPS, Table 4 ) and bulk (chemical analysis, Table 1 ) Cl/Al ratios in Cl/χ-Al 2 O 3 -Т samples with the chlorination temperature of 400°C and above are comparable; for the Cl/χ-Al 2 O 3 -400 sample the Cl/Al ratio is within 0.052-0.055, and for Cl/χ-Al 2 O 3 -500, 0.042-0.044. This testifies to a uniform distribution of chloride ions over the volume of the samples. The features of the particle morphology in the Cl/χ-Al 2 O 3 -500 sample are reflected in its textural characteristics (Table 1) . According to the low-temperature adsorption of nitrogen, the Cl/χ-Al 2 O 3 -500 sample has a 1. The textural and morphological properties of Cl/χ-Al 2 O 3 -Т are caused by the chemistry of χ-Al 2 O 3 chlorination with carbon tetrachloride. In particular, at the chlorination temperatures up to 300°C, gaseous CCl 4 interacts with the surface >Al-OH groups and Lewis acid site >Al-O-Al<, which leads to its transformation into more reactive intermediates: COCl 2 and HCl, modification of the surface with Cl ions, deposition of carbon and a weak loosening of the surface. This is why the textural and morphological properties are close to the properties of the initial χ-Al 2 O 3 sample, and changes occur only in subsurface layers of its crystallites. In the temperature range of 400 -500°C as well as 200 -300°C, the chlorinating reagents are represented by CCl 4 , COCl 2 and HCl, although they interact predominantly with bulk >Al-O-Al< groups of Al 2 O 3 . Hence, the destruction of the Al 2 O 3 crystal lattice proceeds more intensively due to an increase of rate of O 2-/Cl -exchange with temperature and concentration of COCl 2 and HCl. The results are a decrease of alumina particle size and specific surface area of the Cl/χ-Al 2 O 3 -500 sample as well as formation of 
Thermal stability of Cl-Al 2 O 3 samples
Thermal stability of Cl/χ-Al 2 O 3 -T samples in both oxygencontaining and inert media was studied by the DTA-TG analysis. Figure 6 displays data for two samples synthesized at 300 and 500°C and containing chloride ions in the subsurface layer of the particles and in the bulk of the sample, respectively. In air (Fig. 6a) , the TG curve illustrates a gradual weight loss of the Cl/χ-Al 2 O 3 -300 sample in the range of 65-200, 240-320 and 460-560°C, which was equal to 3, 1.7 and 3.8 wt.%, respectively. The weight loss in the range of 65-200°C is accompanied by thermal absorption, which is observed on the DTA curve as a minimum at 157°C. In addition, weak exoeffects at 283 and 442°C appear on the DTA curve of the Cl/χ-Al 2 O 3 -300 sample. The following features of the Cl/χ-Al 2 O 3 -500 sample were revealed by TG analysis. In the oxidizing atmosphere (Fig. 6b) , a greater (7.5 wt.%) weight loss was observed for this sample at temperatures up to 200°C as compared to Cl/χ-Al 2 O 3 -300 (3 wt.%); however, in the high-temperature region it lost a 3.8-fold smaller weight. It should be noted that the individual peak corresponding to the desorption of water, which is commonly observed for samples with a high surface area at temperatures near 90-110°C, cannot be distinguished on TG curves. The observed features of TG curves for Cl/χ-Al 2 O 3 -Т samples can be attributed to the hydrolysis of surface >Al-Cl groups and bulk AlCl 3 particles in the adsorbed 
Acidic properties of the surface of Cl-Al 2 O 3 samples
The content of chloride ions and their distribution over the surface of chlorinated alumina determine the acidic properties of the samples. The NH 3 -TPD method is employed to estimate the total surface acidity of solid ceramic materials, which is caused by the proton donor (Bronsted) and electron acceptor (Lewis) sites of the surface [40] . However, ammonia, which is a weak base, also ensures a reliable assessment of the strength of acid sites from the energy of ammonia chemisorption on them. It is assumed that the number of sites capable of ammonia chemisorption is comparable with the total concentration of Bronsted sites with the vibration frequency of OH groups 3688 cm -1 and moderately strong Lewis sites with the vibration frequency of CO 2200 -2210 cm -1 , and heat of CO adsorption equal to 35-38 kJ/mol [40] . In TPD of ammonia, weak Lewis sites with n(CO) = 2180-2195 cm -1 and proton groups with a low acidity (n(OH) = 3750-3780 cm -1 ) form weak physical bonds with the ammonia molecule, which results in its removal upon purging at 100°C [40] . Fig. 7 illustrates the NH 3 -TPD profile of unmodified χ-Al 2 O 3 and the Cl/χ-Al 2 O 3 -T samples synthesized by chlorination at different temperatures. The total content of acid sites estimated by NH 3 -TPD is indicated in Table 1 .
In NH 3 -TPD experiments, the χ-Al 2 O 3 sample has a broad asymmetric peak of ammonia desorption with a distinct maximum in the region of 415°C and a shoulder at 520°C. The observed maxima correspond to ammonia desorption from acid sites of different strength, which are conventionally divided by the energy of ammonia chemisorption into the Lewis-type acid sites (aprotonic sites) and Bronsted-type sites (proton donor sites), respectively. A greater contribution to the total acidity of the sample is made by moderately strong LAS with the ammonia desorption energy of 110-150 kJ/mol. Proton sites are characterized by the ammonia desorption energy higher than 150 kJ/mol, and their structure, according to [40] , corresponds to the bridging hydroxyl groups with a maximum acidity.
For Cl/χ-Al 2 O 3 -T samples synthesized at the chlorination temperature of 200 -400°C, some peculiarities are observed in NH 3 -TPD experiments. First, the hightemperature peak with a maximum in the region of 500-520°C corresponding to strong proton sites disappears from the spectra. It means that proton sites of the χ-Al 2 O 3 surface are involved in the interaction with carbon tetrachloride. Second, an increased intensity of the peak with a maximum at 395-400°C, indicating an increase in the amount of LAS, is observed in the spectrum of Cl/χ-Al 2 O 3 -300. The increase in the LAS amount may be related to the formation of new LAS, for example >Al-Cl. Third, for Cl/χ-Al 2 O 3 -200 and Cl/χ-Al 2 O 3 -400 samples, the ammonia desorption peak is shifted to the low-temperature region (from 400 to 340-345 and 220°C, respectively). This shift reflects the formation of weaker sites in Cl/χ-Al 2 O 3 -200 and Cl/χ-Al 2 O 3 -400 samples as compared to χ-Al 2 O 3 . In addition, several poorly resolved peaks with the maxima at 200-220, 260-280, 340-350, 390-400 and 450-460°C, and hence several types of LAS differing in the strength of their interaction with ammonia can be distinguished in the profile of the indicated samples. Note that the contribution of strong LAS to the total acidity of Cl/χ-Al 2 O 3 -Т samples decreases with increasing the chlorination temperature of χ-Al 2 O 3 . We propose that the introduction of chlorine decreases the number of tetrahedral vacancies occupied by aluminum atoms. It is known that the tetrahedrally coordinated Al 3+ ion is a strong Lewis acid site [41] .
Cl/χ-Al 2 O 3 -300 and Cl/χ-Al 2 O 3 -350 samples have a higher density of acid sites than χ-Al 2 O 3 , ca. 770-890 µmol/g instead of 660 µmol/g. The Cl/χ-Al 2 O 3 -400 sample has a comparable density of acid sites, and in Cl/χ-Al 2 O 3 -200 the density is somewhat lower than in χ-Al 2 O 3 . It should be noted that acid sites of both the Lewis and Bronsted types are nearly absent in the Cl/χ-Al 2 O 3 -500 sample, and their total amount does not exceed 90 µmol/g. This feature of the Cl/χ-Al 2 O 3 -500 acidity is expected because AlCl 3 was detected in the composition of this sample.
Thus, modification of alumina with chloride ions via the interaction with CCl 4 at 300-350°C alters its surface acidity mostly due to the formation of the new Lewis-type sites, such as >Al-Cl. The total density of acid sites becomes higher as compared with the unmodified sample. The chlorination at 400°C changes the strength of interaction between LAS and ammonia from 110-150 to 85-100 kJ/mol. This suggests that the number of tetrahedrally coordinated Al 3+ ions in Cl/χ-Al 2 O 3 -T samples decreases with increasing chlorination temperature. The chlorination of χ-Al 2 O 3 is completed at 500°C with an intense formation of AlCl 3 (according to XRD), which exhibits weak acidic properties. The observed formation of acidic properties of chlorinated alumina are explained by the chemistry of reactions proceeding upon interaction of CCl 4 with the surface terminal >Al-OH and bulk >Al-O(OH)-Al< groups.
Conclusion
The effect of the chlorination temperature of χ-Al 2 O 3 with carbon tetrachloride on the phase, chemical composition, and physicochemical properties was studied in order to reveal the main consistencies in the formation of textural, morphological and acidic properties of chlorinated alumina. It was found that experimental data on the chlorination of χ-Al 2 O 3 with carbon tetrachloride at 200 and 300°C are adequately described by the kinetic model of pseudo-second order. The parameters of thermodynamic models calculated from experimental data testify to the chemical nature of the sorption of chloride ions by the χ-Al 2 O 3 surface upon interaction with carbon tetrachloride.
It was demonstrated that the sorption capacity of χ-Al 2 O 3 with respect to chloride ion depends nonlinearly on the interaction temperature with carbon tetrachloride, namely, the sorption capacity increases when the temperature is raised from 200 to 400°C, and decreases upon further elevation of temperature to 500°C due to formation of bulk AlCl 3 particles, which are highly volatile. At 300°C the sorption capacity of χ-Al 2 O 3 was equal to 560±15 µmol Cl/g; this is 4 times higher than the concentration of >Al-OH groups, which are characterized by the bands at 3795 and 3775 cm -1 [40, 45, 47] and are involved in the interaction with CCl 4 earlier than other species. The NH 3 -TPD study revealed a complete disappearance of strong acid sites, from which ammonia is desorbed with the energy higher than 150 kJ/mol at 500-520°C from the χ-Al 2 O 3 sample after its interaction with CCl 4 at 300°C. This indicates that the bridging >Al-OH<Al sites of the χ-Al 2 O 3 surface are also involved in the interaction with CCl 4 . The reaction between CCl 4 and bulk >Al-OH(О)<Al groups proceeds more intensively when the temperature is raised to 400-500°C; the reaction is likely to involve the decomposition products of CCl 4 , such as HCl, COCl 2 , and Cl 2 .
According to TEM and low-temperature nitrogen adsorption data, at temperatures up to 300°C only the surface groups of χ-Al 2 O 3 interact with CCl 4 , so the textural and morphological properties do not change. The main changes occur in the subsurface layer of χ-Al 2 O 3 particles, which becomes amorphized. At temperatures above 400°C, CCl 4 and its decomposition products react mostly with the bulk >Al-O-Al< groups of alumina, accompanied by the destruction of the Al 2 O 3 crystal lattice and substantial changes in the morphological and textural properties: the particle size, specific surface area as well as the pore size decrease. Small particles having large through pores with the size of 10 -30 nm are present in the Cl/χ-Al 2 O 3 -500 sample.
According to NH 3 -TPD data, the interaction of alumina with CCl 4 at 300-350°C modifies the surface acidity mostly due to formation of the new Lewis-type sites, such as >Al-Cl. The total density of the acid sites becomes higher compared with the unmodified sample. In the samples synthesized at 400°C, the amount of LAS virtually does not change in comparison with χ-Al 2 O 3 , but the strength decreases and the energy of ammonia desorption from such sites decreases from 110-150 to 85-100 kJ/mol.
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